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ABSTRACT Optimal dosing of continuous-infusion cefazolin can be challenging in
patients being treated for bacteremia or infective endocarditis. The aim of this work
is to describe and analyze the pharmacokinetics of cefazolin in those patients using
a population pharmacokinetics modeling approach and to establish a nomogram to
determine the optimal daily dose. Population pharmacokinetics were modeled using
the Pmetrics package for R. Plasma concentrations were collected retrospectively
from patients treated with continuous-infusion cefazolin for bacteremia or infective
endocarditis. The influence of multiple parameters, including renal function, total
body weight, body mass index, body surface area (BSA), ideal weight, lean body
weight, height, and age, was tested. The probabilities of target attainment for se-
lected target concentrations (40, 60, and 80 mg/liter) were calculated. A dosing no-
mogram was then developed, using the absolute value of the glomerular filtration
rate (aGFR), to determine the optimal daily dose required to achieve the target con-
centrations in at least 90% of patients. In total, 346 cefazolin plasma concentrations
from 162 patients were collected. A one-compartment model best described the
data set. The only covariate was aGFR, calculated according to the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) formula and the patient’s body sur-
face area, for the rate of elimination. Using the nomogram, achieving a cefazolin
concentration target of 40 mg/liter with a success rate of at least 90% and with an
aGFR of 30, 60, 90, and 120 ml/min requires a daily dose of 2.6, 4.3, 6.1, and 8.0 g/
day, respectively. These results confirm the interest of posology adaptation of cefa-
zolin according to aGFR.

KEYWORDS bacteremia, cefazolin, continuous infusion, infective endocarditis,
nonparametric modeling, population pharmacokinetics

taphylococcus aureus and other staphylococcal species are responsible for more

than a quarter of bloodstream infections and infective endocarditis (1). The inci-
dence of these pathologies has increased over the past few years, and these patholo-
gies are associated with a high rate of mortality (a 15 to 25% mortality rate for adults
with S. aureus bacteremia and a 20 to 30% mortality rate for adults with S. aureus
endocarditis) (2). For methicillin-susceptible strains, treatment with antistaphylococcal
penicillins, such as oxacillin or cloxacillin, is usually recommended (3, 4). However,
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cefazolin appears to be an equally effective alternative for the treatment of S. aureus
bacteremia (5, 6). For B-lactams, efficacy depends on the fraction of the time during the
dosing interval in which the unbound concentration of the drug is maintained above
the MIC (fT_,c) for the pathogenic bacteria. Positive clinical outcomes have been
associated with ratios ranging from 50% fT- ;¢ to 100% fT— 4. mic (7, 8). However, no
study has investigated the clinical outcome versus the fT_,,c ratio for cefazolin
specifically. In France, the recommended target plasma concentration for cefazolin
(given as a continuous infusion or by intermittent administration) is 100% fT- 4. c for
documented infections and 40 to 80 mg/liter (total fraction) for undocumented infec-
tions (9).

In guidelines, the recommended dosage for intravenous cefazolin is usually
6,000 mg daily for patients with normal renal function (3, 4). In France, recommenda-
tions are 80 to 100 mg/kg of body weight/day administered in 3 doses or by continuous
infusion after a loading dose of 30 mg/kg over 1 h (http://www.infectiologie.com/
UserFiles/File/spilf/recos/2016-alternatives-penicillines-m-injectables.pdf). For patients
with impaired renal function, guidelines do not require precise adaptation of the dose
but recommend it. Conversely, when renal clearance is markedly increased, such as in
severe sepsis, B-lactam concentrations may be too low with the recommended dosage
(10). A priori dose adaptation according to renal function seems to be necessary to
anticipate the risk of under- or overdosing.

The aim of this study was to describe and analyze the pharmacokinetics of cefazolin
administered by continuous infusion in patients treated for bacteremia and/or infective
endocarditis using a nonparametric population pharmacokinetic modeling approach.
We then sought to establish a dosing nomogram to determine the optimal daily dose
of cefazolin to be administered based on the clinical and biological characteristics of
the patient.

RESULTS

Patient characteristics and cefazolin concentrations. A total of 162 patients (129
with bacteremia and 33 with infective endocarditis) were included in the analysis. S.
aureus was identified in 90.1% of the patients, Staphylococcus epidermidis was identified
in 43% of the patients, and other species accounted for the remaining 5.6%. The
median daily dose was 6,000 mg/day, and the dose range was from 500 mg/day to
12,000 mg/day. For patients with an absolute value of the glomerular filtration rate
(@GFR) of =90 ml/min, the median daily dose was 7,000 mg/day and the dose range
was from 3,000 mg/day to 12,000 mg/day. Eighty-six patients received a loading dose
prior to the continuous infusion. Patient characteristics are summarized in Table 1.

A total of 346 cefazolin plasma concentrations were used for the pharmacokinetic
analysis. The number of samples per patient ranged from 1 to 11. Nineteen concen-
trations from 7 patients were measured during a second hospitalization or after a
prolonged interruption of the cefazolin treatment (range, 15 to 355 days after the start
of the first treatment). Fifty-eight percent of cefazolin concentrations were measured
from patients with an aGFR of <90 ml/min, and 16% were measured from patients with
an aGFR of >120 ml/min. Blood sampling was done at least 12 h after the start of the
treatment, except for 3 measurements. For 6 samples, measurement was done within
36 h after the interruption of the treatment to monitor the decrease in the plasma
cefazolin concentration in patients displaying very high concentrations. All concentra-
tions were above the lower limit of quantitation (LLOQ).

The first data set comprised 79 patients (227 concentrations), and the second data
set comprised 83 patients (119 concentrations). Significant differences in the serum
creatinine concentration, estimated glomerular filtration rate (eGFR), and aGFR were
observed between the two groups (Table 1).

Population pharmacokinetics modeling. A comparison of the main candidate
models is summarized in Table S1 in the supplemental material. The observed data
were best described by a one-compartment structural model with the central com-
partment volume (V) and the elimination rate constant (K,). More complex structural
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TABLE 1 Summary of patient characteristicsa

Antimicrobial Agents and Chemotherapy

Value
Patients for model Patients for model P value
Characteristic (unit) development (n = 79) validation (n = 68) (significance)
% of male patients 63 63 1.000
% of patients with infective endocarditis 24 18 0.330
Median (interquartile range):
Age (yr) 70 (55-80) 65 (53-80) 0.240
Ht (cm) 170 (163-175) 168 (159-174) 0.074
Wt (kg) 73 (63-83) 74 (62-89) 0.750
BMI (kg/m?) 26 (22-28) 27 (23-30) 0.208
LBW (kg) 62 (56-70) 60 (52-67) 0.054
IWR (kg) 61 (57-68) 59 (54-65) 0.042*
BSA (m?) 1.83 (1.68-1.98) 1.84 (1.68-2.00) 0.967
Serum creatinine concn (umol/liter) 79 (58-152) 69 (54-91) 0.0054*
eGFR (ml/min/1.73 m? 75.4 (34.8-103.9) 94.0 (66.9-106.8) 0.0070*
aGFR (ml/min) 73.5 (37.1-108.7) 95.9 (69.8-113.2) 0.0084*

9BMI, body mass index is defined as weight/height?, where weight is in kilograms and height is in meters; LBW, lean body weight, calculated with the Devine formula,
which is 50 (if male) or 45.5 (if female) + 2.3 X [(height — 152.4)/2.54] (where height is in centimeters); IWR, ideal weight, calculated with the Robinson formula,
which is 52 (if male) or 49 (if female) + 1.9 (if male) or 1.7 (if female) X [(height — 152.4)/2.54] (where height is in centimeters); BSA, body surface area, calculated
with the Du Bois formula, which is 0.007184 X weight©®425 X height®725 (where height is in centimeters); eGFR, estimated glomerular filtration rate, calculated with
the CKD-EPI formula, which is 141 X [min(Scr/k, 1)2] X [max(Scr/k, 1)~1-209] X 0.9932ge¢ X 1.018 (if female) or 1.159 (if black), where Scr is the serum creatinine
concentration, k is 0.7 for females and 0.9 for males, a is —0.329 for females and —0.411 for males, min indicates the minimum of Scr/k or 1, and max indicates the
maximum of Scr/k or 1; aGFR, absolute value of the glomerular filtration rate, which is calculated as (eGFR X BSA)/1.73. Qualitative characteristics were compared
using a two-tailed Fisher's exact test, and quantitative data were compared using a Mann-Whitney-Wilcoxon test. Statistically significant results are marked with an

asterisk.

models did not significatively improve the Akaike information criterion (AIC), popula-
tion bias, or imprecision. One covariate was found to have an influence on the model
parameters: the aGFR normalized with the dataset median on K.. The relationship was
best described by a power equation, K, = (aGFR64)%!. The final structural model is
represented in Fig. S1, and pharmacokinetic parameters estimates are summarized in
Table 2. A lambda error model with a starting value of 7.5 was chosen, and values for
error coefficients C,, C;, C,, and C; were 2.5, 0.15, 0, and 0, respectively, for the standard
deviation (SD) polynomial. The final cycle value of lambda was 10.2, which indicates
some process noise due to the retrospective nature and heterogeneity of the data.

Observation-versus-prediction plots are presented in Fig. 1. Bias and imprecision
were 0.096 and 1.44, respectively, for population predictions and —0.076 and 0.51,
respectively, for individual predictions. Residual plots for population predictions
showed an even distribution of weighted residual errors over the concentration range
and over time (Fig. S2).

Model validation. Visual predictive check (VPC) and prediction-corrected visual
predictive check (pcVPC) plots revealed that the model correctly described the ob-
served data (Fig. 2). Some variability could be observed for low values of aGFR, due to
the heterogeneity of the data, covariate influence, and population variability.

TABLE 2 Population parameters estimates?

Parameter Estimation Range
K1
Median (95% Cl) 0.907 (0.755-1.171) 0.01-3.00
MAWD (95% Cl) 0.152 (0.000-0.286)
%
Median (95% Cl) 3.193 (3.156-4.023) 1-15

MAWD (95% Cl)

0.342 (0.000-0.867)

9n the model, K, = (aGFR64)%e!, where K, is the elimination rate constant from the central compartment (in
hours™"), aGFR/64 is the absolute estimate of the glomerular filtration rate (in milliliters per minute)
normalized to the dataset median, and K1 is the power factor used to scale aGFR to the elimination rate
constant. Cl, confidence interval; MAWD, median absolute weighted deviation, used as an estimate of the

variance for a nonparametric distribution; V, volume of the central compartment (in liters).
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FIG 1 Observed versus population predicted cefazolin concentrations (A) and individual predicted
cefazolin concentrations (B). The dashed lines represent identity. The full line is the linear regression line
(R? = 0.64 for panel A and R? = 0.86 for panel B).

For the external data set, observed versus predicted concentration plots proved to
be adequate (Fig. S3). Bias and imprecision were 0.280 and 1.07, respectively, for
population predictions and 0.046 and 0.32, respectively, for individual predictions.

PTA and dosing nomogram. The dosing nomogram for cefazolin is presented in
Fig. 3 and includes equations to directly calculate the daily dose required to achieve the
targeted concentration with a PTA of 90%, given the patient’s aGFR. For example, for
a cefazolin concentration target of 40 mg/liter and an aGFR at 30, 60, 90, and 120 ml/
min, the daily dose needed to achieve a 100% fT— 4. mic ratio with a 90% success rate
is 2.6, 4.3, 6.1, and 8.0 g/day, respectively.

DISCUSSION

The objective of this work was to use a population pharmacokinetic analysis in
a population of patients with bacteremia and/or infective endocarditis to provide a
dosing nomogram for cefazolin adaptation, considering renal function. Patient
characteristics were heterogeneous, with a broad range of daily doses being
administered (500 mg/day to 12,000 mg/day), considering a priori and a posteriori
dose adaptation.

1000 1000
= = :
o o
£ £
c c
2 2
= 100 = 100
s £
- -

c °. 0@ c

@ ° 08 @

Qo ° o Q

e i £

Q ° Q

o (3]

S £

) )

S 10 8 10

P S

Q o Q

o e o 8
1 1

Antimicrobial Agents and Chemotherapy

0 50 100 150 0
aGFR (mL/min)

50 100 150
aGFR (mL/min)

FIG 2 Visual predictive checks (left) and prediction-corrected visual predictive checks (right) of cefazolin concentrations against absolute values of the
glomerular filtration rate (aGFR). Open circles are observed cefazolin concentrations. Solid lines represent the 5th, 50th, and 95th percentiles for observed
concentrations. Dashed lines represent the 5th, 50th, and 95th percentiles for simulated concentrations. The vertical lines at the top of the plots are bin

separators.
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FIG 3 Nomogram of the daily dose of continuous-infusion cefazolin to be administered after a loading dose to
attain steady-state plasma concentration targets of 40 mg/liter (full line), 60 mg/liter (dashed line), and 80 mg/liter
(dotted line) in 90% of the studied population, accounting for renal function estimated by the CKD-EPI formula and
expressed as an absolute value (aGFR). Equations were defined as y = 0.0001x> + 0.448x + 1.2112 for the 40-mg/liter
target, y = 0.0002x> + 0.0699x + 1.705 for the 60-mg/liter target, and y = 0.0003x* + 0.0837x + 2.3808 for the
80-mg/liter target, with x being the aGFR and y being the cefazolin daily dose.

In previous works, cefazolin pharmacokinetics were simulated with models with two
or more compartments and with cefazolin administration as an intravenous bolus
(11-14). In our study, the one-compartment model was selected because of the
continuous-infusion administration, which allowed cefazolin to reach steady state and
thus achieve equilibrium between the central and peripheral compartments (15).

Similar to previous works, renal function estimation was found to have a strong
impact on cefazolin pharmacokinetics (11-13). The Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) formula was used as the estimator of the glomerular
filtration rate (GFR) because it is more accurate overall (16-18). However, the GFR
estimated by the CKD-EPI formula is indexed by body surface area (BSA). While this
normalization is useful for allowing comparisons between populations, it can be
misleading at the individual level for patients with a BSA outside the normal range,
where larger differences between the indexed value and the absolute value can be
observed (19). The National Kidney Disease Education Program recommends the
calculation of aGFR for drug dosing considerations (https://www.niddk.nih.gov/health
-information/professionals/clinical-tools-patient-education-outreach/ckd-drug-dosing
-providers). In this work, the patients had BSAs ranging from 1.36 to 2.56 m2. Therefore,
the use of aGFR instead of eGFR allowed for a better estimation of the renal elimination
of cefazolin. This was confirmed by the pharmacokinetic modeling, where aGFR proved
to be a better covariate than eGFR for the elimination rate constant. Considering these
results, patients with impaired renal function should be treated carefully, given that
delayed cefazolin clearance can lead to higher plasma concentrations and therefore
increases in the risk of neurological toxicity (20). On the other hand, a high GFR can
accelerate cefazolin elimination and lead to treatment failure. Therefore, the initial
dosage should be adapted accordingly (21). It is important to keep in mind that aGFR
is an estimator of renal function in the context of drug clearance and does not reflect
either chronic or acute kidney injury.
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Several studies have found a relationship between total body weight and the
volume of the central compartment (11, 13, 22). In this work, we did not find such an
association. In morbidly obese patients, the volume of the central compartment ranges
from 7.06 liters to 13.0 liters, whereas in studies including patients with lower weights,
values from 4.04 liters to 8.94 liters have been reported (11-13, 22, 23). Our estimate
(3.19 liters) is close to the latter values.

Several limitations are present in this work. First, the data were gathered retrospec-
tively from routine clinical practice and, thus, were more susceptible to imprecision.
Furthermore, no data on clinical success or failure or on the MICs for the targeted
bacteria were collected. Second, cefazolin free fractions were not measured. An 80%
protein-bound fraction was used, based on the literature, but data suggest that the
binding of cefazolin to proteins is saturable, with a higher proportion of the free
fraction being detected when the total cefazolin concentration increases (24). More-
over, it remains to be determined whether the serum albumin concentration has an
influence on the cefazolin free fraction. For patients with severe hypoproteinemia, the
applicability of the model developed in this work remains to be determined, and thus,
caution is advised when treating these patients. In addition, no gold standard mea-
surement of renal function was performed in this study, and renal function assessment
relied on estimators. Finally, a prospective evaluation of the nomogram should also be
performed to assess its efficacy.

The aGFR parameter is important to consider when initiating cefazolin treatment.
However, determining the optimal dose can be difficult. Dosing nomograms are simple
tools that can provide the clinician a quick answer to this question of the optimal dose.
Several nomograms have been established for multiple antibiotics, like vancomycin or
gentamicin, but to our knowledge, there are no existing nomograms for cefazolin or for
other B-lactam antibiotics (with the exception of meropenem) (25-28).

When we compared cefazolin dosing recommendations with the present nomo-
gram, multiple observations could be made: for a 6,000-mg/day dose, PTA will be less
than 90% for the 40-mg/liter target when a patient’s aGFR is greater than 89 ml/min.
Conversely, for patients with an aGFR of less than 38 ml/min, the probability that the
concentration will be at least 80 mg/liter (associated with a higher risk of toxicity) is
greater than 90%. In the same manner, the application of the French guidelines (80 to
100 mg/kg/day) to the dosing nomogram highlights the risk of underdosing for a
patient weighing 73 kg (the median for the population studied) when aGFR is greater
than 109 mI/min and the risk of toxicity when aGFR is less than 37 ml/min.

Since simulations for the conception of the nomogram were performed at steady
state, the influence of giving a loading dose of cefazolin prior to the start of the
continuous infusion was not assessed. However, given the short half-life of cefazolin
(about 2 h) (29), steady state should be attained within 12 h after the start of the
infusion, whether or not a loading dose is administered, allowing for therapeutic drug
monitoring (TDM) early after the start of treatment.

Lastly, the nomogram should be used only with patients whose characteristics fall
into those for the population with which the model was developed. In particular,
patients with an aGFR of <20 ml/min or >140 ml/min or an extreme body weight
(body mass index [BMI], <15 kg/m? or >35 kg/m?) should be managed with caution.

Conclusions. This nomogram can be a useful tool for physicians to assist with the
individualization of the initial prescription of cefazolin in patients with infective endo-
carditis or bacteremia, with the systematic calculation of aGFR being a requirement.
After treatment initiation, TDM should be used to adapt the dose regimen for each
patient regardless of renal function.

MATERIALS AND METHODS

Patient population and data collection. Cefazolin concentration data were collected retrospec-
tively from January 2013 to September 2018 from adult patients hospitalized in the Nantes University
Hospital and treated with cefazolin, administered by continuous infusion, for bacteremia or infective
endocarditis, followed by therapeutic drug monitoring (TDM). Patients who received any type of dialysis
during treatment were excluded.
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Data were split into two data sets: one that was used for model development and that included data
for richly sampled patients and one that was used for external model validation and that was mostly
composed of data from patients with few samples.

For each concentration data point, the dosage, duration of treatment, age, height, weight, and serum
creatinine concentration were collected. When available, data on loading doses were also gathered.
Multiple parameters were calculated: body mass index (BMI), body surface area (BSA) according to the
Du Bois formula (30), lean body weight (LBW) according to the Devine formula (31), ideal weight (IWR)
according to the Robinson formula (32), estimated glomerular filtration rate indexed by BSA (eGFR)
according to the CKD-EPI formula (16), and the absolute value of the glomerular filtration rate (aGFR),
calculated from the patient’s eGFR and BSA.

To compare the population characteristics of the two data sets, Fisher's exact test and the Mann-
Whitney-Wilcoxon test were performed using GraphPad Prism (version 6.01) software for Windows
(GraphPad Software, La Jolla, CA, USA). The significance level was set to 0.05.

The study design was approved by the local human research and ethics committee of Nantes, France,
on 23 April 2018 and was in accordance with French legislation (CNIL MR0O03).

Cefazolin quantitation. Total cefazolin plasma concentrations were determined by a validated
high-performance liquid chromatography (HPLC) coupled with UV spectrometry (HPLC-UV) assay. Blood
samples were collected in EDTA tubes and centrifuged (1,500 X g for 10 min at 4°C) upon reception at
the laboratory. Plasma was retrieved and mixed with 1 ml of acetonitrile for protein precipitation. The
mixture was then centrifuged (1,800 X g for 5 min at 4°C), and 1.6 ml of the supernatant layer was mixed
with 8 ml of dichloromethane for extraction. The tubes were shaken horizontally for 10 min and
centrifuged (1,800 X g for 5 min at 4°C). Fifty microliters of the upper aqueous layer was injected into the
HPLC system (Agilent 1200 series; Agilent, Palo Alto, CA). The separation was performed on a Symmetry
C, g 5-um-particle-size column (250 by 4.6 mm [inner diameter]; Waters, Milford, MA). The UV absorbance
peak for cefazolin was detected at 265 nm.

The lower limit of quantitation (LLOQ) of the method was 3 mg/liter. Accuracy was satisfactory, with
intraday and interday coefficients of variation being less than 15% (20% for the LLOQ). Imprecision was
also less than 15% (20% for the LLOQ).

Population pharmacokinetics analysis. (i) Structural model. The first data set was used to
establish the structural model. Population pharmacokinetic modeling was performed using the non-
parametric adaptive grid (NPAG) algorithm with the Pmetrics package for R (version 1.5.1) (33, 34).

One-compartment and two-compartment (central and peripheral) structural models with or without
nonrenal elimination were initially tested without covariates to determine the best-fitting structural
model and to estimate the parameters. Structural model selection was performed by evaluating the
goodness of fit based on the Akaike information criterion (AIC), which is an estimate of the likelihood that
the model is penalized by the number of parameters in the model. A lower value of the AIC indicates a
better-fitting model. The models were also assessed by using population bias (the mean weighted error
of predictions minus observations) and imprecision (the bias-adjusted mean weighted squared error of
predictions minus observations) calculations and by using diagnostic plots: observed concentrations
versus population and individually predicted concentrations and weighted residual versus time or
individual predictions.

Additive and multiplicative error models were tested, where observations were weighted by (SD? +
A2)%5 and SD X v, respectively, where A and vy represent process noise, such as sampling time uncertainty
and model misspecification. SD was the standard deviation of each observation, modeled by a polyno-
mial equation: C, + C; X [obs] + C, X [obs]* + C; X [obs]’, where [obs] is the observed concentration.

The relationship between the model parameters and the different covariates (age, height, weight,
serum creatinine, BMI, BSA, LBW, IWR, eGFR, aGFR) was then evaluated using stepwise linear regression
and visual assessment of plots of the model parameters against covariates. The influence of body
size-related covariates (height, weight, BMI, BSA, LBW, IWR) on compartmental volumes was tested, and
the influence of renal function-related covariates (serum creatinine, eGFR, aGFR) on elimination param-
eters was tested on elimination parameters. The relation was evaluated by integrating the covariates in
the model using either a linear [P = P1 + P2 X (COV/COV.gia)] €xponential [P = P1 X
o P2HCOVYCOVmedian], power [P = P1 X (COV/COV oqian)’>], o allometric [P = P1 X (COV/COV,ugian)” "]
relationship for the influence of weight on distribution volumes, where P, P1, and P2 are parameters; COV
is the covariate value; and COV,, 4., is the covariate median in the data set. Covariates which improved
population bias (mean weighted error of predictions minus observations) and imprecision (bias-adjusted
mean weighted squared error of predictions minus observations) were integrated in the final model.

Parameter ranges were initially set wide and then narrowed when a candidate model was fit to
increase the density of support points in the pertinent range.

The process was iterated until no further improvement to the model was observed.

(ii) Model validation. Visual predictive checks (VPC) and prediction-corrected visual predictive
checks (pcVPC) were performed using Monte Carlo simulations (n = 100) from each patient in the first
data set. Medians and 5th and 95th percentiles for observed and simulated concentrations were then
compared visually. Plotting was done using the vpc package for R.

A zero-cycle run with the NPAG algorithm was used on the second data set with the tested model
and prior support points from the first data set, and population bias and imprecision for this second
population were retrieved and compared to those for the first population.

(iii) Probability of target attainment and dosing nomogram. Based on the parameters of the
structural model, Monte Carlo simulations (n = 1,000) were generated from the patient profiles with
various aGFR reflective of the population observed. For each of these profiles, exposure to cefazolin was
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assessed for doses ranging from 500 mg/day to 50,000 mg/day, administered as a continuous infusion
with a loading dose.

Targeted plasma concentrations for total cefazolin were defined as 40 mg/liter, 60 mg/liter, and
80 mg/liter. For the 2-mg/liter EUCAST epidemiological cutoff MIC for S. aureus (https://mic.eucast.org/
Eucast2/SearchController/search.jsp?action=performSearch&Beginindex=0&Micdif=mic&Numberindex
=50&Antib=237&Specium=-1), the most commonly isolated bacterium in our population, according to
the 100% fT_ ..\ c ratio for efficacy (9) and the assumption that the free fraction is 20% of the total
concentration (23, 35), the targeted total concentration should be at least 40 mg/liter at steady state. The
60-mg/liter target accounts for other Staphylococcus species for which no breakpoints have been defined
but for which higher MICs can be encountered. The 80-mg/liter target was defined as an upper limit
beyond which the toxicity risk can largely be increased and corresponds to a free drug concentration
8 times higher than the MIC, where the efficacy of B-lactams does not seem to be improved but
neurotoxicity risk is increased (9, 36, 37).

To conceive the dosing nomogram, the lowest dose required to achieve a probability of target
attainment (PTA) of 90% at steady state after a loading dose for each of the simulated patient profiles
was reported against aGFR on a graph in Microsoft Excel software (Microsoft Corporation, Redmond WA,
USA) for the 40-mg/liter, 60-mg/liter, and 80-mg/liter thresholds.
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